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Summary
Background: Drosophila learn to avoid odors that are paired
with aversive stimuli. Electric shock is a potent aversive stim-
ulus that acts via dopamine neurons to elicit avoidance of the
associated odor. While dopamine signaling has been demon-
strated to mediate olfactory electric shock conditioning, it re-
mains unclear how this pathway is involved in other types of
behavioral reinforcement, such as in learned avoidance of
odors paired with increased temperature.
Results: To better understand the neural mechanisms of
distinct aversive reinforcement signals, we here established
an olfactory temperature conditioning assay comparable to
olfactory electric shock conditioning. We show that the AC
neurons, which are internal thermal receptors expressing
dTrpA1, are selectively required for odor-temperature but
not for odor-shock memory. Furthermore, these separate sen-
sory pathways for increased temperature and shock converge
onto overlapping populations of dopamine neurons that signal
aversive reinforcement. Temperature conditioning appears to
require a subset of the dopamine neurons required for electric
shock conditioning.
Conclusions: We conclude that dopamine neurons integrate
different noxious signals into a general aversive reinforcement
pathway.
Introduction
It is important for animals to rapidly avoid aversive stimuli
and to assign a negative predictive value to concomitant stim-
uli. Fruit flies (Drosophila melanogaster) exhibit associative
learning in response to a variety of aversive stimuli (reviewed
in [1]). However, most existing knowledge of the neuronal
signaling underlying aversive reinforcement in flies comes
from studies of electric-shock-induced olfactory conditioning
[2–4], while encoding of other reinforcers has not been as
widely studied.
In the current working model, reinforcement signals from
dopamine neurons in the protocerebrum and olfactory informa-
tion from the antennal lobes are integrated in the mushroom
bodies (MBs) [2, 4, 5], which mediate conditioned odor avoid-
ance. However, in some studies, dopamine appears to be
dispensable for conditioning with variable aversive stimuli*Correspondence: hiromut@m.tohoku.ac.jp[6, 7]. It is not knownwhether the identified dopamine pathways
represent general aversive reinforcement or whether different
reinforcement neurons mediate specific aversive stimuli. To
distinguish between these alternative possibilities, it is impor-
tant toapplydifferent reinforcers in thesameexperimentalsetup
and to compare the resulting memories and underlying circuits.
The circuits upstream of dopamine signaling—those that
mediate sensation of aversive stimuli—are poorly character-
ized in Drosophila, with a few exceptions. In fly larvae,
detection and avoidance of noxious heat, bright light, and
mechanical stimuli are commonly subserved by class IV multi-
dendritic neurons that express different nocisensor proteins
[8]. The cellular and molecular bases of nociception in adult
flies are much less known, except for thermal stimuli. Thermo-
sensor molecules identified in Drosophila have different tem-
perature sensitivities. dTrpA1, GR28B, Painless, and Pyrexia
sense warm and hot temperatures [9–13]. Internal and external
heat receptor neurons were identified in the brain [14], as well
as in the antenna [12, 15].
To identify and compare the molecular and cellular sub-
strates of memories reinforced by electric shock and inc-
reased temperature, we here establish olfactory temperature
conditioning, using the same experimental setup as the
commonly studied olfactory shock conditioning [16].We found
that temperature increase provides aversive reinforcement
and that by decreasing shock intensity we can render the
temperature and shock assays comparably robust. Next, we
identify the roles of candidate thermosensor proteins and
neurons and of dopamine neurons in odor-shock and odor-
temperature memories. We provide evidence that although
these two stimuli are sensed independently, their signals
converge onto partly overlapping sets of dopamine neurons
that are necessary for conditioned odor avoidance.
Results
Flies Form Associative Memories of Increased
Temperature and of Electric Shock
To directly compare the neural mechanisms of shock and
temperature reinforcement, we modified the standard shock
conditioning assay to enable temporal control of temperature.
Temperature conditioningwas performed in the samedifferen-
tial conditioning design as electric shock conditioning (Fig-
ure 1A). In brief, flies were exposed for 2 min to odor and
increased temperature, followed by a control odor at baseline
temperature of 25C; this training cycle was repeated twice.
Conditioned odor avoidance was tested immediately after
training at 25C.
We found a nonmonotonic function of memory performance
with increasing temperature (Figure 1B); aversive memory
peaked at 36C, whereas higher temperatures impaired
memory performance rather than improving it. We applied
34C as an unconditioned stimulus for all subsequent ex-
periments, as this temperature induces significant aversive
memory indifferent from the peak memory performance (Fig-
ure 1B). We chose 2 min exposure to increased temperature
because shorter exposure was less effective (data not shown).
Throughout this study, we refer to the memory performance of
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Figure 1. Characterization of Olfactory Memory
of Increased Temperature
(A) Increased temperature or shock conditioning
paradigm, using the same experimental setup.
Flies were exposed to an odor (odor A) together
with reinforcement, followed by exposure to a
control odor (odor B). At the test, conditioned
odor avoidance was measured by counting of
the flies’ distribution between the two odors.
(B) Odor-temperature memory as a function of
temperature. Too high temperatures impaired
memory performance. n = 16 for each group.
(C) Competing conditioning: after pairing of
increased temperature and electric shock with
odor A and odor B, respectively, flies were sub-
jected to either a single-odor test to calculate
odor-temperature or odor-shock memory (left
and middle bars, respectively) or a differential
test to contrast temperature and shockmemories
(right bar). Odor-temperature memory and cali-
brated odor-shock memory yielded significant
learning indices (left bar: odor-temperature mem-
ory, one-sample t test, t(7) = 4.3, p = 0.003, n = 8;
middle bar: calibrated odor-shock memory, one-
sample t test, t(7) = 4.9, p = 0.001, n = 8). Increased
temperature and calibrated shock have compara-
ble valence (right bar: contrasting temperature
and calibrated shock memories, one-sample
t test, t(15) = 0.67, p = 0.51, n = 16).
(D) Decay of temperature (circles) and shock (squares) memories. Odor-temperature memory was significant for at least 8 hr (immediate memory, p < 0.001,
n = 20; 2 hr memory, p < 0.001, n = 16; 8 hrmemory, p < 0.001, n = 12), as well as odor-shockmemory with standard high shock intensity (immediate memory:
p < 0.001, n = 10; 2 hr memory: p < 0.001, n = 16; 8 hr memory: p < 0.001, n = 16). Although odor-shock memory was initially higher than odor-temperature
memory, there was no significant difference between them 8 hr after training (two-way ANOVA: time, F(2,84) = 29.95, p < 0.001; conditioning, F(2,84) = 83.51, p <
0.001; interaction, F(2,84) = 15.59, p < 0.001; t test with Bonferroni’s corrections [labeled with stars]: immediate memory, t(84) = 8.2, p < 0.001; 2 hr memory,
t(84) = 6.8, p < 0.001; 8 hr memory, t(84) = 0.7, p = 0.48).
Bars and error bars indicate mean 6 SEM. See also Figure S1.
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1713flies immediately after training with two cycles of 2 min
exposure to odor and 34C as ‘‘odor-temperature memory.’’
Likewise, ‘‘odor-shock memory’’ is measured as conditioned
odor avoidance of flies trained with a single 1 min exposure
to odor and 12 pulses of 90 V electric shock.
The performance of odor-temperature memory was lower
than that of odor-shock memory after standard intense odor-
shock conditioning (12 shocks at 90 V). We therefore adapted
the protocol to the temperature conditioning scheme (i.e., two
cycles of 2 min paired presentation of odor and electric shock)
and calibrated the electric shock intensity to match perfor-
mance indices for shock and temperature learning. We found
that 27 V effectively replicated the memory performance levels
observed with 34C (‘‘calibrated odor-shock memory’’; Fig-
ure S1 available online). We validated our shock calibration
using differential conditioning, in which two different odors
were paired with the two different reinforcers (Figure 1C).
The trained flies were tested in a choice between the two
differentially conditioned odors (Figure 1C). The performance
index of these flies was around zero (Figure 1C, right bar),
but flies that received the same training showed comparable
conditioned avoidance when each odor was tested separately
(Figure 1C, left and middle bars). This indicates that the flies
are able to form competing aversive memories of increased
temperature and calibrated shock at the same time and that
the degree of this aversive reinforcement is equivalent.
Odor-temperature memory lasted for at least 8 hr and was
rather stable over time (Figure 1D). Memory performance after
the standard intense electric shock (90 V) was initially higher
but decayed to a comparable level to the odor-temperature
memory after 8 hr (Figure 1D). For our mechanistic studies ofodor-shock and odor-temperature memories, we began with
the standard intense electric shock and the 2 min exposure
to 34C. However, when we detected impairment in odor-tem-
perature memory, we additionally used conditioning with the
calibrated shock intensity for comparison. Thus, we can claim
that a specific loss of cellular or molecular function impairs
memory in a stimulus-specific, rather than intensity-depen-
dent, manner.
dTrpA1 in Anterior Cell Neurons Is Required for Sensation
of Increased Temperature, but Not Shock, Reinforcement
There are several sensor proteins that are necessary for
avoidance of increased temperature. Among them, TRP family
members—dTrpA1, Pyrexia, and Painless—are temperature-
dependent cation channels that serve as heat sensors for
different temperature ranges [9, 10, 13]. Straightjacket is a
subunit of a calcium channel that plays a role in thermal noci-
ception [17]. We tested mutants for these genes for memories
of increased temperature and shock. Odor-temperature mem-
ory of dTrpA1 mutants was abolished, whereas their odor-
shock memory and calibrated odor-shock memory remained
intact (Figures 2 and S2A). Mutant flies for the other proteins,
Painless, Pyrexia, or Straightjacket, did not show a remarkable
impairment in odor-temperature or odor-shock memories un-
der our experimental conditions, except pyrexia mutants,
which had a slight impairment in odor-shock memory (Fig-
ure 2). We additionally tested Df-ppk1Aid/Df-ppk1Mirb flies
lacking thepickpocket gene, whichmediatesmechanical noci-
ception in larvae [18], and found no impairment in either odor-
shock or odor-temperature memory under our experimental
conditions (Figures S2B and S2C). In conclusion, increased
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Figure 2. Sensory Proteins Required for Temperature and Shock Learning
The wild-type (WT) and dTrpA1, painless, straightjacket, and pyrexia mu-
tants in odor-temperature (A) and odor-shock (B) conditioning.
(A) dTrpA1mutant flies are severely impaired in odor-temperature memory,
whereas the other receptor mutants show intact temperature memories
(F(4, 98) = 15.51, p < 0.001; WT versus dTrpA1, t(78) = 7.2, p < 0.001; n = 8–16).
(B) dTrpA1, painless, and straightjacket mutant flies show normal shock
conditioning performance, whereas pyrexia mutants are slightly impaired
(F(4,112) = 8.16, p < 0.0001; WT versus pyrexia, t(112) = 5.5, p < 0.001; n =
10–18).
Bars and error bars indicate mean 6 SEM. See also Figure S2.
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1714temperature, but not shock reinforcement, in our conditioning
paradigm is mediated by a specific temperature receptor,
dTrpA1; hence, the sensory mechanisms for these aversive re-
inforcers appear to be distinct.
Next, we sought to identify the sensory neurons respon-
sible for the temperature reinforcement. Two types of sen-
sory neurons for heat perception and avoidance have been
described in adult flies: hot cells [15] and anterior cells
(ACs) [14]. Hot cells are antennal heat sensors (Figure 3A,
blue) expressing the thermal receptor GR28B [12]. They are
labeled by hot-cell-GAL4 [15] (see Figure S5A). AC neurons
are internal heat sensors located in the central brain, ex-
pressing dTrpA1 (Figure 3A, red) and labeled by dTrpA1SH
-GAL4 [14]. dTrpA1 is also expressed in a subset of chemo-
sensory neurons innervating the labral sense organ (LSO)
within the mouthparts (Figure 3A, yellow) and labeled by
Gr66a-GAL4 [19]. dTrpA1 in these neurons mediates the
avoidance response to bitter substances [20]. We blocked
these three types of sensory neurons (hot cells, AC neurons,
and Gr66a-expressing neurons) using tetanus-toxin light
chain [21]. Blockade of the AC neurons impaired odor-tem-
perature but not odor-shock memory. In contrast, blockage
of hot cells or Gr66a chemosensory neurons did not signifi-
cantly impair odor-temperature or odor-shock memory (Fig-
ure 3B), although odor-shock memory of flies with blocked
hot-cell-GAL4was slightly lower than that of one of the control
groups. There was no significant phenotype with any of these
crosses in calibrated odor-shock memory (data not shown).
Additionally, blockade of theACneurons only in the adult stage
by temporal induction of the expression of Kir2.1 resulted in a
severe impairment in odor-temperature conditioning (Fig-
ure S2D). Altogether, these results show that AC neurons are
specifically required for mediating increased temperature,but not shock, reinforcement and that antennal heat receptors
and dTrpA1-expressing LSO neurons are less important for
odor-temperature conditioning.
AC neurons receive thermosensory input from pyrexia-ex-
pressing cells, in addition to directly sensing temperature
through dTrpA1 [22]. In order to segregate these two different
inputs to ACneurons, we knocked down dTrpA1 in AC neurons
using UAS-dTrpA1-RNAi. Knockdown in AC neurons signifi-
cantly reduced odor-temperature memory, whereas odor-
shock memory (Figure 3C) and calibrated odor-shock memory
(Figure S2E) were intact, suggesting direct activation of AC
neurons by dTrpA1.
In vivo optical imaging corroborated the selective res-
ponse of the AC neurons to temperature increase. Using
a temperature-controlled imaging system, we measured
stimulus-induced activity changes in the AC neurons of
dTrpA1SH-GAL4; UAS-GCaMP3 flies. Increased temperature
stimulation was applied by switching the temperature of the
perfused saline solution (Figure 4A) [23]. Comparable to tem-
perature punishment in our behavioral experiments, the tem-
perature was raised from 24C to 34C for 2 min. After a
1 min resting period at 24C, two pulses of electric shock (90
V) were applied to the legs of the same fly. To prevent temper-
ature-induced focus loss during imaging, we used a piezo
nanofocusing system (PIFOC) to record image stacks at the
relevant time points of the stimulation procedure (stacks 1–8
in Figures 4A and 4B; all recorded stacks are shown in
Figure S3A).
As in isolated brain preparations [14, 22], we detected
increased calcium signals in the AC neurons upon in vivo tem-
perature stimulation (Figures 4C, 4D, and S3C). The response
to increased temperature sustained for the entire 2 min and
was reproducible across measurements (data not shown). In
contrast, we detected no significant change in calcium activity
upon electric shock stimulation. The selective responsiveness
of AC neurons to increased temperature, but not electric
shock, was independent of the stimulus sequence (Figures
S3C and S3D). Together, our behavioral and physiological
data demonstrate that the reception of increased temperature,
but not of electric shock, reinforcement takes place in AC
neurons.
Measuring temperature-induced neuronal activity using
genetically encoded calcium indicators can be confounded
by the temperature sensitivity of the indicator itself [24, 25].
To disentangle biophysical temperature effects on GCaMP3
fluorescence fromneuronal responses to temperature change,
we performed in vivo calcium imaging in olfactory receptor
neurons (Figures S3G and S3H). Increase of the temperature
from 24C to 34C caused a 30% fluorescence decrease (Fig-
ure S3I), and odor-evoked calcium responses decreased on
average by 60% (Figure S3J). Thus, a temperature rise can
mask signals from stimulus-induced neuronal activity. There-
fore, it is unlikely that the induced fluorescence increase in
AC neurons is due to the temperature sensitivity of GCaMP3,
but it reports a cellular response of the AC neurons.
Increased Temperature and Shock Signaling Converge on
a Dopamine Reinforcement Pathway
Dopamine serves as the main neurotransmitter for signaling
aversive reinforcement in flies during olfactory shock condi-
tioning [2, 3]. In addition, serotonin neurons are necessary
for place learning, an operant conditioning paradigm that
utilizes increased temperature as aversive reinforcement [6].
Thus, we asked whether these different transmitters are
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Figure 3. Sensory Neurons Required for Temperature and Shock Learning
(A) Schematic of three sensory pathways in the fly brain. Red, AC neurons; blue, hot cells; yellow, GR66a, chemosensory neurons. VP2 and VP3 glomeruli of
the antennal lobes (blue innervation sites) are innervated both by hot cells coming from the antennae and byAC neurons [15]. AC neuronsmostly terminate in
the posterior protocerebrum (red innervation sites). GR66a neurons innervate the subesophageal ganglion (SOG; yellow innervation sites). Purple, antennal
lobes; green, MBs.
(B) AC neurons (red), hot cells (blue), and GR66a cells (yellow) blocked with UAS-TNT in odor-temperature (top) and odor-shock (bottom) conditioning.
Blockade of AC neurons impaired odor-temperature, but not odor-shock, memory (temperature: F(6,123) = 2.84, p = 0.012; dTrpA1
SH-GAL4;TNT
versus +;TNT, t(123) = 3.05, p < 0.05; dTrpA1
SH-GAL4;TNT versus dTrpA1SH-GAL4;+, t(123) = 3.19, p < 0.01; n = 14–21; shock: F(6, 65) = 6.76, p < 0.001; Hot
cell-GAL4;TNT versus +;TNT, t(65) = 4.76, p < 0.01; n = 14–17).
(C) Knockdown of dTrpA1 in AC neurons using UAS-dTrpA1-RNAi significantly reduced odor-temperature (top), but not shock (bottom), memory
(temperature: F(2,119) = 5.43, p = 0.005; dTrpA1
SH-GAL4;dTrpA1-RNAi versus +;dTrpA1-RNAi, t(119) = 2.67, p < 0.05; dTrpA1
SH-GAL4;dTrpA1-RNAi versus
dTrpA1SH-GAL4;+, t(119) = 3.07, p < 0.01; n = 36–44; shock: F(2, 48) = 0.627, p = 0.53; n = 16–18).
Bars and error bars indicate mean 6 SEM. See also Figures S2D, and S2E, and S5A.
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1715shared or segregated between temperature and shock rein-
forcement circuits. To tackle this question, we targeted the
expression of an electrical silencer Kir2.1 to dopamine and/
or serotonin neurons using TH-GAL4, DDC-GAL4 (HL8), and
TrH-GAL4 and restricted this expression to the adult stage
with ubiquitous expression of temperature-sensitive GAL4-
suppressor GAL80ts. TH-GAL4 labels themajority of dopamine
cells in the fly brain, apart from most neurons in the PAM clus-
ter [26]. DDC-GAL4 labels a fraction of dopamine and seroto-
nin cells [27], and TrH-GAL4 labels many, but not all, serotonin
neurons [28]. Blockade of the activity of TH-GAL4-labeled
neurons severely impaired both temperature and shock mem-
ories (Figures 5A and 5B), while Kir2.1 expression with DDC-
GAL4 and TrH-GAL4 did not cause a significant impairment
in odor-temperature memory. Blockade with TH-GAL4 also
impaired odor-shock memory with the calibrated shock inten-
sity (Figure S4A). These results suggest that increased temper-
ature and electric shock both require dopamine to signal
aversive reinforcement. Moreover, the dopamine neuronal
population labeled by TH-GAL4, but not DDC-GAL4, is
required for temperature punishment (Figures 5A and 5B).
We tested flies for innate avoidance of increased tempera-
ture in a two-choice arena using the same temperatures as in
odor-temperature conditioning (see the Experimental Proce-
dures). Blockade of dopamine or serotonin neurons did not
significantly impair temperature avoidance (Figure 5C). These
results indicate that dopamine neurons labeled by TH-GAL4
are required selectively for reinforcement signaling in shock
and temperature learning, but not for reflexive avoidance.Thus, although the sensory inputs for increased temperature
and shock are different, both may converge into the same
neurotransmitter system (Figure 5D). The next neuronal layer
in the circuit of odor-temperature memory might be the MBs,
given the importance in odor-shock conditioning [5]. Indeed,
blockade of the MBs using MB247-GAL4 and TNT resulted in
impaired odor-temperature memory (Figure S4C). Since the
MBs are, however, involved in reflexive avoidance of increased
temperature [29] (Figure S4B), it is difficult to segregate MB
functions for temperature avoidance and memory.
The requirement of dopamine neurons for temperature con-
ditioning raises the possibility of a direct connection between
dopamine and AC neurons. To examine whether the AC neu-
rons directly contact dopamine neurons, we labeled dopamine
neurons and the presynaptic terminals of AC neurons (Figures
6A–6C). Indeed, a small fraction of the AC neurons’ terminals in
the superior protocerebrum abut the processes of dopamine
neurons (Figure 6A), implying a direct connection between
AC to dopamine neurons (Figures 6B and 6C). In order to
further explore these contacts, we used GFP reconstitution
across synaptic partners (GRASP) [30]. To this end, we utilized
TH-LexA driver (generated and generously shared by the Ru-
bin lab, Janelia Farm Research Campus) and characterized
its expression pattern (Figure 6D). TH-LexA labeled the major-
ity of dopamine neurons, largely recapitulating the expression
pattern of TH-GAL4 (Figure 6D). Similar to TH-GAL4, TH-LexA
labels only a minor fraction of PAM cluster neurons, but other-
wise themajority of the TH+ neurons in the other clusters (eight
PAM, five PAL, two PPM1, seven to eight PPM2, six PPM3, 12
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Figure 4. AC Neurons Respond to Increased Temperature, but Not to Electric Shock
(A) Schematic of the calcium imaging setup. Using a Piezo Focus Lens Positioner (PIFOC), image stacks were recorded while the fly brain was continuously
perfused in temperature-controlled saline. Reliable temperature changes were produced by switching between a heated (red) and nonheated (blue) con-
stant saline flow using two synchronized valves. The temperature wasmonitored with thermocouples mounted posterior to the fly’s head. An electric shock
grid was placed below the fly for electric foot shock stimulation.
(B) Stimulation protocol during calcium imaging. Temperature stimulation consisted of a temperature rise from 24C to 34C and a plateau phase at 34C, in
total lasting 2 min (n = 12). After a 1 min resting period at 24C, flies received two 2 s pulses of electric shock (90 V, 4 s interval; flashes). Gray boxes indicate
periods when image stacks were acquired.
(C) Raw fluorescence images of AC neurons in the left brain hemisphere of a single dTrpA1SH-GAL4; UAS-GCaMP3 fly during the experiment (maximum
brightness value z projections of image stacks). AC neurons responded to increased temperature with a calcium increase in their somata and neurites. Elec-
tric shocks evoked movement, but did not induce a calcium response in the AC neurons. The scale bar represents10 mm.
(D) AC neurons labeled with the calcium indicator GCaMP responded to temperature stimulation, but not to electric shock stimulation (responses
normalized to stack 1; n = 12; one-way repeated-measures ANOVA was performed on the raw data, F(7, 77) = 11.314, p < 0.001; Holm-Sidak post
hoc test).
Bars and error bars indicate mean 6 SEM. See also Figure S3.
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1716PPL1, and six PPL2ab; four hemispheres counted; see Figures
S5B and S5C for anatomical characterization of the new
TH-LexA driver). Using dTrpA1SH-GAL4 and TH-LexA, we ex-
pressed the split halves of GFP and visualized the reconsti-
tuted GFP protein that marked the contacts between AC
neurons and dopamine neurons (Figures 6E and 6F). We de-
tected GRASP signals in the posterior protocerebrum, the re-
gion where the AC neurons heavily terminate (Figures 6E and
6F) [14]. Altogether, our results suggest that the dopamine
neurons are one of the synaptic targets of the AC neurons
and possibly transform temperature sensation to aversive
reinforcement.An Overlapping Population of Dopamine Neurons
Is Required for Increased Temperature and
Shock Conditioning
To further dissect which neurons in TH-GAL4 signal aversive
reinforcement upon increased temperature and shock stimu-
lation, we employed driver lines with GAL4 expression tar-
geted to different subsets by various regulatory regions of
the TH locus (Figures 7A and 7B) [31]. Adult expression of
Kir2.1 with TH-D0-GAL4, which labels a fraction of TH-GAL4,
including PPL1 cluster neurons, severely impaired both tem-
perature and shock memories (Figures 7C and 7D). Reflexive
avoidance of increased temperature was not significantly
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Temperature Memories
The GAL4 driver lines DDC, TrH, and TH are
blocked with tub-GAL80ts;UAS-Kir2.1 in (A) tem-
perature conditioning, (B) shock conditioning,
and (C) reflexive avoidance of increased tempera-
ture.
(A) Blockade of dopamine neurons labeled by
TH-GAL4 impaired odor-temperature memory,
whereas blockade of serotonin neurons labeled
by TrH-GAL4 or dopamine and serotonin neurons
labeled by DDC-GAL4 did not (Kruskal-Wallis
test: H = 21.7, p = 0.001; Mann-Whitney test with
Bonferroni corrections: TH-GAL4xGAL80;Kir
versus +;GAL80;Kir, U = 147, p = 0.007;
TH-GAL4xGAL80;Kir versus TH-GAL4;+, U = 40,
p = 0.0002; n = 14–20).
(B) Blockade of dopamine neurons labeled by
TH-GAL4 impaired odor-shock memory,
whereas blockade of serotonin neurons labeled
by TrH-GAL4 slightly improved it. Blockade of
neurons labeled by DDC-GAL4 had no signifi-
cant effect on odor-shock memory (Kruskal-
Wallis test: H = 40.3, p < 0.001; Mann-Whitney
test with Bonferroni corrections: TH-GAL4x-
GAL80;Kir versus +;GAL80;Kir, U = 5, p =
0.0024; TH-GAL4xGAL80;Kir versus TH-GAL4;+,
U = 0, p < 0.0001; TrH-GAL4xGAL80;Kir versus +;
GAL80;Kir, U = 4, p = 0.003; TrH-GAL4xGAL80;
Kir versus TrH-GAL4;+, U = 4, p = 0.01;
n = 8–10).
(C) Reflexive avoidance of increased tempera-
ture was intact when dopamine or serotonin
cells were blocked (Kruskal-Wallis test, H =
6.9, p = 0.32; n = 4–12).
(D) Model of neuronal pathways for increased
temperature and shock. Increased temperature
is separately perceived by different sensors
(AC neurons and hot cells), leading to different
reflexive behavioral outputs. For reinforcement
signaling, perception of increased temperature via AC neurons and of shock via an uncharacterized pathway converge to dopamine neurons for
a common behavioral output. Electric shock sensation also induces reflexive behaviors.
Bars and error bars indicate median 6 quartiles. See also Figure S4.
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1717affected (Figure S6A). The memory of calibrated odor-shock
conditioning was pronouncedly impaired by blockade with
TH-D0-GAL4 (Figure S6B). In contrast, blockade with TH-C0-
GAL4, which has a complementary expression pattern to
that of TH-D0-GAL4, impaired neither temperature nor shock
memory (Figures 7C and 7D).
In approximately 20 dopamine neurons labeled with TH-D0-
GAL4 (one PAL, two to three PPM2, six PPM3, and ten
PPL1 cluster neurons; Figures 7A and 7B) [31], we sought to
identify a further subpopulation that would distinguish shock
and temperature signaling pathways. We used TH-F3-GAL4,
which labels two to three PPM2, two to three PPM3, and four
PPL1 cluster neurons, including MB-MP1 and MB-V1 (Figures
7A and 7B) [31]. Interestingly, induced Kir2.1 expression with
TH-F3-GAL4 impaired odor-shock memory, whereas odor-
temperature memory was not significantly affected (Figures
7C and 7D). This implies that shock reinforcement recruits
more dopamine neurons than the increased temperature.
Consistent with this, we did not find a driver that specifically
affected odor-temperature, but not odor-shock, memory in
a further screen (data not shown). As all drivers that
impaired odor-temperaturememory also impaired odor-shock
memory, the dopamine neurons that signal temperature
reinforcement may be contained in the population signaling
shock.Discussion
We here established odor-temperature conditioning in
Drosophila using the same experimental setup as for odor-
shock conditioning (Figure 1). This allowed us to contrast
the circuits required for the two aversive reinforcement
pathways, since all experimental parameters other than rein-
forcement identity were highly similar. These comparisons
uncovered the sensory neurons specific for temperature pun-
ishment: the dTrpA1-expressing internal thermal receptors,
AC neurons (Figure 3). Both behavioral and in vivo optical im-
aging experiments revealed the selectivity of these sensory
neurons to increased temperature, but not to electric shock
(Figures 3 and 4), although the increased temperature and
mild shock induced aversive memories of similar strength
(Figure 1C). Although thermosensors are distributed in dif-
ferent types of cells [9, 10, 13–15, 17], the sensory neurons
and proteins mediating the reinforcing property of the tem-
perature punishment are more selective. The antennal ther-
mal receptors and dTrpA1-expressing LSO neurons seem
to be dispensable for increased temperature punishment
(Figure 3). As the antennal thermal receptor neurons were
shown to be required for other behaviors [12], different tem-
perature-sensing cells may be functionally specialized (Fig-
ure 5D, red pathways). Similarly, our results demonstrate
A B
C1 C2 C3
D1 D2 D3
E F
Figure 6. AC Neurons Contact Dopamine
Neurons
(A–C) Frontal projections of antibody staining of
AC neurons’ axon terminals (green, fluorescence
of dTrpA1SH-GAL4 crossed toUAS-syt::GFP) and
dopamine cells (magenta, fluorescence of anti-
TH antibody staining).
(A) A projected image stack of the posterior part
of the brain.
(B) Magnification of the terminals of AC neurons
in the protocerebrum (inset in A).
(C) A single confocal slice with further magnifica-
tion of the protocerebrum region. Arrowheads
mark juxtaposition of AC neurons’ presynaptic
terminals (C2) and dopamine neurons (C3). A
merged view is shown in (C1).
(D) Magnification of the dorsal protocerebrum of
antibody staining of dTrpA1SH-GAL4;TH-LexA
crossed to UAS-myr::cherry;LexAop-
mCD8::GFP, showing a single slice image (green,
fluorescence of GFP antibody staining; magenta,
fluorescence of dsred antibody staining). A
merged view (D1), TH-LexA-positive neurons
(D2), and dTrpA1SH-GAL4-positive neurons (D3)
are shown. Multiple contact points between AC
neurons and dopamine neurons are marked
with arrow heads.
(E and F) Frontal projections of GRASP
showing contacts between AC neurons and
TH-LexA-positive cells. dTrpA1SH-GAL4 ;TH-
LexA flies crossed to LexAop-CD4::spGFP11;
UAS-CD4::spGFP1-10 flies are shown. Green,
reconstituted GFP antibody staining; magenta,
N-cad antibody staining of neuropil marker.
(E) An image stack of the posterior part of the
brain.
(F) Magnification of the protocerebrum region
(inset in E) showing multiple contacts between
AC neurons and dopamine neurons.
All scale bars represent 10 mm. See also Fig-
ure S5.
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1718that temperature and shock are separately sensed, and
therefore nonspecific activation of all neurons does not
seem to explain the shock reinforcement. This motivates
future studies to identify the proteins required for electric
shock reception and the corresponding neurons. Interest-
ingly, flies avoid colder environments as well, and cold avoid-
ance depends on intact dopamine neurons [23, 33]. Thus,
temperature decrease may also act as punishment.
Despite the separate sensory mechanisms, dopamine neu-
rons signal the reinforcement of both increased temperature
and shock (Figures 5A and 5B). Intriguingly, these neurons
are required for the reinforcing property of aversive stimuli
but are apparently dispensable for reflexive responses (Fig-
ure 5C). These results highlight the role of dopamine neurons
in integrating inputs from different aversive stimuli that are
relevant for adapting the behavior of flies. Dopamine mediates
aversive reinforcement in learning systems other than adult
Drosophila olfactory learning [34–36], supporting the role of
dopamine neurons in representing general negative values.
Indeed, the convergence of aversive inputs may be conserved
among different animal species beyond insects. In insects and
mammals, dopamine neurons have been shown to respond to
different rewarding, as well as punishing, stimuli [37–39]. Thus,
the role of dopamine may be to signal general values regard-
less of stimuli and valence.
Increased temperature and shock are sensed by different
sensory pathways, converging on the same dopamine system(Figure 5D). A similar circuit configuration was described for
sugar reinforcement in flies. Sugar includes two separate rein-
forcing qualities—sweet taste and nutritional value. These
qualities are sensed by separate pathways and converge to
dopamine, signaling reinforcement [38]. The sweet taste is
probably signaled by octopamine, whereas nutritional value
is sensed independently of octopamine [38]. These separate
reward signals appear to converge onto dopamine neurons.
Similarly, in the case of increased temperature and shock,
sensory pathways differ and reinforcement converges to the
dopamine system (Figure 5D). Thus, the convergence of sig-
nals encoding different reinforcing stimuli may be a general
principle of reinforcement systems.
Serotonin is also involved in reinforcement signaling in in-
sects [6, 28, 40]. In particular, heat reinforcement inDrosophila
place memory in the heat box paradigm requires serotonin,
but not dopamine [6]. Although we used the same drivers as
Sitaraman et al. for manipulation [6], these serotonin neurons
seem to be dispensable for our odor-temperature learning
(Figure 5). The difference in serotonin function may depend
on the type of conditioning: instrumental versus Pavlovian.
In heat box learning, flies associate the consequence of their
own behavior with increased temperature, whereas in our
study flies learn the association of an externally applied
odor with increased temperature. Serotonin may thus be
required when flies have control over punishment. It will be
interesting to contrast the two paradigms, different only in
A B
C D
Figure 7. Subsets of dopamine neurons are required for temperature and shock learning
(A) Frontal projections of whole brain image stacks showing TH-D0-GAL4, TH-F3-GAL4, and TH-C0-GAL4 drivers. The GAL4 lines were crossed to UAS-
mCD8::GFP. Green is fluorescence of GFP antibody staining showing the cells labeled by each driver line, magenta is fluorescence of anti-TH antibody stain-
ing of dopamine neurons, and blue is fluorescence of N-cad antibody staining of the neuropil. All scale bars represent 20 mm. Dopamine neurons labeled by
the three drivers TH-D0-GAL4, TH-F3-GAL4, and TH-C0-GAL4 are summarized below. Only dopamine neurons from clusters PAL, PPL1, PPM1, PPM2,
PPM3, and PPL2ab are depicted.
(B) Labeling of single dopamine neurons in TH-D0-GAL4 and TH-F3-GAL4, in clusters PPL1 and PPM3. Results are based on counting of six hemispheres
from each driver line. + denotes presence of projections, +/2 denotes faint presence of projection, and2 denotes no projections. Nomenclature of cells and
clusters is according to [31, 32]. DP, dorsal protocerebrum; d/m/v FB, dorsal/medial/ventral fan-shaped body, respectively; SV, surrounding vertical (lobes
of MB); AMP, anterior medial protocerebrum; and EB, ellipsoid body.
(C) Blockade of TH-D0-GAL4 severely impaired odor-temperature memory, whereas blockade of TH-F3-GAL4, TH-C0-GAL4 drivers left odor-tempera-
ture memory intact (Kruskal-Wallis test: H = 29.51, p < 0.001; Dunn’s multiple comparison test: TH-D0-GAL4xGAL80;Kir versus +; GAL80;Kir, p < 0.01;
TH-D0-GAL4xGAL80;Kir versus TH-D0-GAL4; +, p < 0.001; n = 6–14).
(D) Blockade of TH-D0-GAL4 or TH-F3-GAL4 impaired odor-shock memory, whereas blockade of TH-C0-GAL4 did not (Kruskal-Wallis test: H = 40.6, p <
0.001; Dunn’s multiple comparison test: TH-D0-GAL4xGAL80;Kir versus +; GAL80;Kir, p < 0.001; TH-D0-GAL4xGAL80;Kir versus TH-D0-GAL4; +, p < 0.01;
TH-F3-GAL4xGAL80;Kir versus +; GAL80;Kir, p < 0.001; TH-F3-GAL4xGAL80;Kir versus TH-F3-GAL4; +, p < 0.05; n = 6–14).
Bars and error bars indicate median 6 quartiles. See also Figure S6.
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mitter requirement ([40], but see [41]).
Dopamine neurons in the fly brain form several clusters [32],
and their function can be further segregated to specific cellular
subsets. Indeed, different subsets of dopamine cells partici-
pate in different behaviors: ethanol-induced locomotion,
sleep and arousal, courtship suppression learning, olfactory
learning, and aggression have all been attributed to specific
and sometimes single dopamine cells [3, 31, 37, 42–45]. Here
we show that increased temperature and shock reinforcement
signaling require w20 dopamine cells labeled in the TH-D0-
GAL4 line (Figure 7). Although our data do not formally exclude
a possibility that subsets of dopamine neurons within the TH-
D0 driver at the single-cell level may be different for odor-shock
and odor-temperature memories, one population of neurons
may commonly signal temperature and shock reinforcement.
Out of these, the neurons labeled by TH-F3-GAL4were neededfor odor-shock, but not odor-temperature, memory, suggest-
ing that a smaller set of dopamine neuronsmediates increased
temperature than mediates shock reinforcement (Figure 7).
In a subsequent screen, we did not find drivers that were
specifically required for increased temperature, but not shock,
memories. Thus, temperature reinforcementmay be contained
within the population of dopamine cells conveying shock
reinforcement. It is possible that the artificial electric shock
stimulus recruits more than one specific pathway [3, 41, 45],
whereas the ecologically relevant temperature stimulus is
mediated by a more specific subset of dopamine neurons.Experimental Procedures
Fly Husbandry and Strains
Flies were raised at 25C and 60% relative humidity on standard cornmeal
medium in a 12 hr dark/light cycle unless otherwise described. All flies
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1720were handled without anesthesia until experiments commenced. Mixtures
ofmale and female flies age 2–6 days after eclosionwere used for behavioral
experiments. Females age 2–8 dayswere used for functional imaging exper-
iments. The X chromosome of all transgenic flies and mutants was replaced
with that of the wild-type (Canton-S) to remove the mutation for w to avoid
the effect of w2 on temperature perception ([46] and our observations). We
exchanged the X chromosome by crossing to balancer flies with the
Canton-S background. For crosses with tub-GAL80ts;UAS-Kir2.1, flies
were raised at 18C, and the progeny was kept at 30C for 48 hr before
behavioral experiments. After this temperature shift, flies were kept for
3–4 hr at 25C before the experiment. Employed mutant lines include
dTrpA1ins, a deletion insertion mutant of dTrpA1 [14]; pain1, an enhancer-
promoter insertion line of painless [13]; pyx3, a P element insertion null
pyrexia allele [9]; stj2, a straightjacket nonsense mutation [17]; Df-ppk1Aid
and Df-ppk1Mirb, pickpocket1 deficiency lines [47]; and transheterozygous
ppk-Df Aid/Mirb generated in our lab. The following GAL4 and UAS trans-
genic lines were employed: UAS-dTrpA1-RNAi and dTrpA1SH-GAL4 [14];
hot-cell-GAL4 [15]; GR66a-GAL4 [19]; tub-GAL80ts;UAS-Kir2.1 [48, 49];
UAS- GCaMP3 [50]; UAS-TNT [21]; TH-GAL4 [26]; DDC-GAL4 [27];
TrH-GAL4 [28]; UAS-CD4::spGFP1-10 and LexAop-CD4::spGFP11 [51];
UAS-syt::GFP and UAS-mCD8::GFP from the Bloomington stock center;
TH-C0-GAL4, TH-D0-GAL4, and TH-F3-GAL4 [31]; and LexAop-mCD8::GFP
and TH-LexA, generated in G. Rubin’s lab (Janelia FarmResearch Campus).
LexA::p65 was amplified from pBPLexA::p65Uw and was cloned into pBDP
at 50 EcoRI and 30 NotI, with the addition of a 50 XbaI site and a 30 AvrII site.
TH fragments corresponding to those present in TH-GAL4 [26] were ampli-
fied from genomic DNA. 50 SpeI and 30 NotI sites were added to the 6.9 kb
coding region fragment, which was cloned into the AvrII and NotI sites of
the LexA vector. The 4.1 kb upstream fragment was then inserted at 50
FseI and 30 XbaI.
Behavioral Assays
For olfactory conditioning [2, 16], we used 4-methylcyclohexanol and 3-oc-
tanol (Sigma Aldrich) diluted in paraffin oil (1:10). Flies were trained
differentially by receiving an odor in the presence of reinforcement (CS+).
Subsequent to an air flush, another odor was presented without reinforce-
ment (CS2). Immediately after training, the conditioned odor avoidance
was measured in a T maze, where the flies were permitted to choose be-
tween the two odors, CS+ and CS2, for 2 min (Figure 1A). A performance in-
dex between21 and +1 was calculated by averaging of the odor avoidance
of two groups that were trained reciprocally by switching the two odors
used as CS+ and CS2. The sequence of reinforcement presentation was
also alternated, to cancel out any effect of reinforcement order.
For shock conditioning, odors and air flush were presented for 1 min, and
the reinforcer was 12 shock pulses of 1.2 s long 90 V electric shocks every
5 s (Figure 1A). For calibrated shock conditioning, odors and air flush were
presented for 2min and the reinforcer was 24 shock pulses of 27 V every 5 s,
and this conditioning cycle was repeated twice (Figure 1C).
For temperature conditioning, the same odors and experimental setup
were used as for shock conditioning. Two complete setups were kept at
distinct temperatures, one at background temperature of 25Cand the other
prewarmed to 34C in a climate box. The flies were presented with the CS2
odor at the background temperature for 2 min, and after a 2 min break they
were transferred to the prewarmed tubes and were presented with the CS+
odor at 34C, with prewarmed air flush (Figure 1A). This training trial was
repeated twice. Immediately after training, conditioned odor avoidance
was measured under the same conditions as for shock conditioning.
For increased temperature avoidance, flies were introduced to an arena
separated into two halves; each half was kept at a distinct temperature
(25C and 34C) using two Peltier elements. This arena was covered by a
transparent plastic plate (a Petri dish cut into 3 mm height to prevent flies
from flying). A snapshot of flies’ distribution was taken every 30 s over
5 min immediately after the flies were inserted into the arena. Increased
temperature avoidance was calculated as the difference in fly number
between the two halves divided by the total number of flies. The avoidance
index represents the average over 5 min. The sides were switched to pre-
vent a side bias.
Immunohistochemistry
The brains were dissected, fixed and prepared for antibody staining as pre-
viously described [3]. dTrpA1SH-GAL4 crossed to UAS-syt::GFP (Figures
6A–6C) was stained with anti-GFP antibody (rabbit anti-GFP polyclonal, In-
vitrogen, 1:1000) followed by Alexa Fluor 488 (goat anti-rabbit IgG highly
cross-absorbed, Invitrogen, 1:1000). Dopamine neurons (Figures 6A –6Cand 7A) were visualized using anti-TH antibody staining (mouse monoclonal
tyrosine hydroxylase antibody, ImmunoStar, 1:200) followed by Cy3 anti-
mouse (Jackson ImmunoResearch, 1:250). For neuropil labeling (Figures
6E, 6F, and 7), we used rat anti-N-cadherin staining (anti-N-cad DN-Ex
no. 8, Developmental Studies Hybridoma Bank, 1:100) followed by Cy3
anti-rat (Jackson Immunoresearch, 1:250). For visualization of reconstituted
GFP (Figures 6E and 6F), we used mouse anti-GFP (clone no. 86/38, Neuro-
Mab, Antibodies, 1:100) followed by goat anti-mouse Alexa 488 (Invitrogen,
1:250). For the double labeling of LexAop-myr::cherry andUAS-mCD8::GFP
expression (Figure 6D), we used rat anti-GFP (3H9, Chromotek,1:200) and
rabbit anti-dsred (Living colors DsRed polyclonal, Clontech, 1:200) followed
by Alexa Fluor 488 (goat anti-rat, Invitrogen, 1:250) and Cy3 anti-rabbit
(Jackson ImmunoResearch, 1:250). z stacks were scanned using a confocal
microscope (Olympus FV1000) in 1.5 or 1 mm steps. Images of the confocal
stacks were analyzed with the open-source software ImageJ.
In Vivo Calcium Imaging
For imaging of AC neurons, 2- to 8-day-old flies (dTrpA1SH-GAL4; UAS-
GCaMP3), were cold anesthetized on ice. A female fly was inserted into
an opening in the plastic recording platform and was fixed with wax such
that the legs could move freely. The head was cut open dorsally, the
exposed brain was covered with a drop of saline (130 mM NaCl, 5 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 36 mM sucrose, and 5 mMHEPES [pH
7.3]), and glands and trachea were removed. During imaging, the prepara-
tion was continuously perfused with fresh saline (4 ml/min).
Fly brains were imaged with a fluorescence microscope (Axio Examiner
D1; Carl Zeiss) equipped with a 403 water-immersion objective (numerical
aperture 0.8, LUMPlanFl, Olympus). Excitation light of 475 nmwas provided
by a monochromator (Polychrome V; T.I.L.L. Photonics). The emission light
was detected with a CCD camera (Sensicam; PCO Imaging) through a
500 nm dichroic mirror and a 530–547 nm band-pass filter. Pixels were
binned on chip (4 3 4), resulting in an image resolution of 344 3 260 pixels,
which corresponded to 240 mm 3 182 mm at the preparation. Images were
acquired at a frame rate of 5 Hz with an exposure time of 120 ms per frame.
In order to compensate temperature-induced focus drift and electric shock-
induced movement artifacts (in the z direction; see Figure 4C, stack 7), we
recorded image stacks of 41 slices and 70 mmdepth with 7.29 s/stack using
an objective positioner (P-721.17, PIFOC, Physik Instrumente) controlled by
an amplifier with built-in servo feedback control (E-662 LVPZT, Physik
Instrumente).
For increased temperature stimulation, the saline drop between the fly
head and the objective was heated, by switching from the nonheated to a
heated saline flow, using two three-way solenoid valves (LFAA1200118H,
Lee Products; Figure 4A). The heating device (single inline solution heater,
SF-28, Warner Instrument Corporation) was controlled by an automatic
temperature controller (TC-324B, Warner Instrument Corporation). The
timing of the increased temperature stimulation during the experiment
was controlled by the stimulus control software and was triggered by the
imaging system. The temperature of the saline drop was monitored next
to the fly brain (1 mm posterior) with thermocouple microprobes (IT-23,
Physitemp) via a digital thermometer (GMH3230, Greisinger) and was
logged (EBS 20M Software, Greisinger).
Electric foot shock stimulation consisted of two 2 s pulses of 90 V applied
with an interval of 4 s via a custom-made aluminum shock grid using an iso-
lated stimulator (DS2, Digitimer) that was controlled by the stimulus control
software and triggered by the imaging system. For the reliability of electric
shock stimulation, see Figures S3E and S3F. The reproducibility of neuronal
responses to increased temperature and electric shock was verified by
application of the increased temperature and electric shock stimulation pro-
tocol (see Figure 4B) twice to each fly. Since the responses in the first and
second measurements were not significantly different, the second mea-
surement is not shown.
Imaging data was analyzed using the Fiji (http://fiji.sc/Fiji/) package for
ImageJ (http://imagej.nih.gov/ij/). First, a maximum brightness value z pro-
jectionwas generated fromeach image stack to render a single image. Next,
the regions of interest (ROIs) were drawn around the AC neuron somata, and
the brightness values were obtained by averaging of all pixels within the
ROI. The emission intensity (F) at the first stack was determined as F0,
and DF/F0 (%) was calculated for each z projection. Only somata that
were in focus throughout all recordings were included in the data analysis.
Statistical Analysis
Statistical analyses of behavioral datawere performed using Prism6 (Graph-
Pad Software). Statistical analyses of calcium imaging data were performed
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1721using Sigma Stat (Systat Software). Most of the tested groups did not violate
the assumption of normal distribution and homogeneity of variance. There-
fore, we performed one-way ANOVA (Figures 2 and 3) or two-way ANOVA
(Figure 1D) followed by post hocmultiple pairwise comparisons (Bonferroni)
in the case of significant difference in group means. The difference of the
performance index from zero was tested with one-sample t test (Figure 1C).
For the groups that violated the assumption of normal distribution, nonpara-
metric statistics (Kruskal-Wallis test; Figures 5 and 7) were applied followed
by post hocmultiple pairwise comparisons (Mann-Whitney test with Bonfer-
roni correction [Figures 5A and 5B] or Dunn [Figure 7]). Calcium imaging
data (Figure 4) were tested using one way repeated-measures ANOVA fol-
lowed by Holm-Sidak post hoc test. Data are presented as mean 6 SEM,
except in Figure 5 and Figure 7, where bars represent median 6 quartiles.
Throughout the manuscript, *p < 0.05, **p < 0.01, and ***p < 0.001; ‘‘ns’’
indicates not significant.
Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
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